■ INTRODUCTION
Metal−organic frameworks (MOFs) are a new class of highly porous crystalline materials with well-defined cavities or channels that can accommodate a variety of guest species of different sizes and shapes for a variety of applications in gas storage, separations, and heterogeneous catalysis. 1−6 The interest in MOFs as catalyst supports arises from their unusually large surface areas, well-ordered crystalline structures, high porosities, tunable pore sizes, and modifiable surface properties. 1−6 MOFs provide several ways to incorporate catalysts through their centers with unsaturated coordination sites, metal nanoparticles encapsulated within the pores, and catalytic sites inherent in the structures of the frameworks. 1−6 The catalytic activities of several MOF-based catalysts have been demonstrated for liquid-phase reactions such as cyanosilylation, hydrogenation, polymerization, and isomerization, 7−10 as well as for enantioselective separations, organic transformations for the production of chemicals, 11, 12 oxygen reduction reactions in fuel cells, 13, 14 and photocatalytic hydrogen production. 13, 15, 16 In contrast to liquid-phase reactions, only a few gas-phase reactions and gas−solid reactions using MOF-based catalysts have been investigated. For example, a few reports exist on the use of MOF-based catalysts for CO oxidation. 3,4,17−21 This reaction has significant health, industrial, and environmental impacts because of the toxicity of CO 22 and the need to remove it from indoor air and from the H 2 streams used for the fuel-cell applications because of its poisoning effect on the performance of fuel cells. 23 Although catalytic oxidation is considered to be the most effective method for the removal of CO, the generation of CO 2 creates another serious concern, given that CO 2 capture and sequestration (CCS) remains a central technique for mitigating global warming and climate changes. Therefore, the development of low-temperature CO oxidation catalysts that are also capable of efficient CO 2 capture is of immense interest for a variety of applications such as improving fuel-cell performance, removing toxic gases released into the atmosphere by combustion and automotive exhaust processes, and meeting stringent environmental regulations for the treatment of air pollutants. 24−26 In this article, we report on the development of an MOFbased catalyst that exhibits synergetic effects in the oxidation of CO at moderate temperatures and the capture of CO 2 at low temperatures. The design strategy for this catalyst was based on the hypothesis that a cerium-based MOF could have a high affinity for oxygen because of the presence of cerium f orbitals and could be able to store oxygen and enhance the catalytic oxidization of CO by Pd nanoparticles. The Ce-based MOF chosen for this study, namely, {[Ce(BTC)(H 2 O)]·DMF} n (where BTC is benzene-1,3,5-tricarboxylate and DMF is dimethylformamide), has a polymeric structure formed by the assembly of cerium metal clusters using the BTC as an organic linker. 27 The structure is marked by highly dense and homogeneously distributed cerium sites. The high affinity of these sites for oxygen provides an excellent opportunity to deposit an active CO oxidation catalyst such as Pd nanoparticles in regions where where CO molecules can be efficiently adsorbed.
Our approach to the synthesis of Pd/Ce-MOF is based on the simultaneous activation of the pores of the Ce-MOF and the rapid chemical reduction of the Pd precursor, namely, Pd(NO 3 ) 2 . This can be achieved by the fast microwaveirradiation-(MWI-) assisted chemical reduction of the Pd ions using hydrazine hydrate as a reducing agent. The main advantage of MWI over other conventional heating methods is the rapid and uniform heating of the reaction mixture, which results in the fast reduction of the Pd ions with the simultaneous generation of a supersaturated solution of Pd atoms and the subsequent nucleation and growth of these atoms to form Pd nanoparticles within the pores and on the surface of the Ce-MOF crystals. 4, 24, 26, 28, 29 Furthermore, MWI heating can remove the coordinated DMF molecules around the Ce centers of the Ce-MOF crystals, thus generating a higher surface area and accessible pores for catalytic processes. 29 
■ RESULTS AND DISCUSSION
The as-prepared Ce-MOF crystals were obtained by filtration from the reaction mixture, washed with ethanol, and dried in a vacuum oven at 100°C as colorless needle-shaped crystals. The XRD pattern of the Ce-MOF displayed in Figure 1 shows the characteristic peaks at (2θ) 8.4°, 10.6°, and 18.1°, indicating a high degree of crystallinity, in excellent agreement with the literature results. 30 The actual loading of the Pd nanoparticles on the Ce-MOF was determined by inductively coupled plasma mass spectrometry (ICP-MS) to be 4.93 wt %, in excellent agreement with the nominal loading of 5 wt % used in the preparation of the sample with the XRD pattern displayed in Figure 1 . The XRD pattern indicates that the incorporation of the Pd nanoparticles within the Ce-MOF crystals creates a supported catalyst without compromising the integrity of the Ce-MOF crystal structure. 30 The Fourier transform infrared (FTIR) spectrum of the as prepared Ce-MOF crystals is presented in Figure 2 . The spectrum shows the characteristic bands of the COO − groups of BTC 3− , such as the 1612 cm −1 asymmetric vibration and the 1435 and 1373 cm −1 symmetric vibrations. In addition, lowintensity bands of the Ce−O stretching vibrations can be observed near 500−700 cm −1 . Also, the presence of DMF in the Ce-MOF crystals is evident from the band for CO vibrations at 1666 cm −1 , indicating that the framework is stabilized by the presence of the strongly adsorbed solvent molecules. The strong OH stretching band of water at 3450 cm −1 is attributed to physically adsorbed water molecules on the surface of the Ce-MOF crystals.
The Raman spectrum of the Ce-MOF crystals is displayed in Figure 2b . The spectrum clearly shows the five characteristic sharp Raman bands at 826, 1006, 1450, 1550, and 1610 cm
assigned to out-of-plane ring CH bending vibrations, CC modes of the benzene ring, ν sym of the C−O 2 units, ν asym of the C−O 2 units, and CC modes of the benzene ring, respectively, in agreement with the assignments reported in the literature. 31 The morphology of the supported catalysts was characterized by transmission electron microscopy (TEM). It can be seen from Figure 3a ,b that the Ce-MOF crystals had needle-shaped particles that ranged in size from 2 to 6 μm. Figure 3c ,d displays TEM images of the 5 wt % Pd/Ce-MOF catalyst prepared by the microwave-assisted chemical reduction of palladium nitrate using hydrazine hydrate as the reducing agent. It is clear that this procedure resulted in the homogeneous distribution of the Pd nanoparticles across the Ce-MOF crystals. From the measured particle size distribution shown in Figure 3e , the Pd nanoparticles in the 5 wt % Pd/Ce-MOF catalyst had an average size of 4.6 ± 2.2 nm, which suggests that most of the particles were present on the surface of the Ce-MOF crystals.
To characterize the surface compositions of the Ce-MOF and the supported Pd catalysts, we carried out XPS measurements, as shown in Figure 4 for both the Pd 3d and Ce 3d electrons. The C 1s XPS spectra of the Ce-MOF support and the 5 wt % Pd/Ce-MOF catalyst are shown in Figure S1 (Supporting Information). The C 1s spectra show peaks corresponding to oxygen-containing groups between 285.5 and 289 eV, in addition to sp 2 -bonded carbon CC at 284.5 eV. Typically, peaks at 285.6, 286.7, 287.7, and 289 eV are assigned to the C 1s signals of COH, CO, CO, and HOCO groups, respectively. 29 The Ce 3d spectra of both the Ce-MOF support and the 5 wt % Pd/Ce-MOF supported catalyst show the presence of the Ce 4+ 3d level characterized by four peaks corresponding to v and v′ (3d 5/2 ) (882.1 and 888.7 eV, respectively) and u and u′ (3d 3/2 ) (900.4 and 906.7 eV, respectively). 32 We also observed two peaks (doublet) at 885 and 904.1 eV, corresponding to v′ and u′, respectively, for Ce 3+ 3d states. 33 The XPS spectra of the Pd 3d electron in the 5 wt % Pd/Ce-MOF catalyst show binding energies of 335.8 and 340.1 eV, indicating that the atomic-percentage ratio of Pd 0 to Pd 2+ in the 5 wt % Pd/Ce-MOF was 1.37. 29 The presence of Pd 2+ is attributed to the formation of a thin layer of PdO, which can act as a reservoir for oxygen that can be released during the CO oxidation reaction. The thermal stability of the Ce-MOF was characterized by thermogravimetric analysis (TGA) in air, the results of which are shown in Figure 5 . The TGA curve for the Ce-MOF is consistent with the literature results and shows the loss of adsorbed water and DMF over the temperature range of 150− 250°C, followed by framework decomposition at ∼350°C.
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On the other hand, the TGA trace for the as-prepared 5 wt % Pd/Ce-MOF catalyst shows only an initial weight loss of ∼15 wt % due to water desorption at about 100°C and significant catalyst decomposition at 500°C. The TGA trace of the 5 wt % Pd/Ce-MOF catalyst indicates that the Pd loading process under MWI eliminates DMF from the pores of the Ce-MOF through exchange with water. It also suggests that the small Pd nanoparticles incorporated within the pores of the Ce-MOF provide an extra stabilizing effect against the collapse of the framework, as is evident by the significant increase in the decomposition temperature from ∼350 to 500°C.
The N 2 gas sorption isotherms at −196°C, shown in Figure  6a , reveal that the Ce-MOF had a small Brunauer−Emmett− Teller (BET) specific surface area of 62 m 2 /g, consistent with the low porosity of this MOF and with previous measurements. 27, 30 Interestingly, the surface area increased to 89 m 2 /g for the 5 wt % Pd/Ce-MOF catalyst, indicating that the treatment of Ce-MOF under MWI during the reduction of the Pd ions by hydrazine hydrate resulted in the activation of the Ce-MOF, probably by removing impurities and unwanted species from the surface and pores of the MOF.
We considered the impact of loading Pd onto the Ce-MOF on the CO 2 uptake because of the contribution of CO 2 to global warming and because of its potential use as chemical feedstock. It has been observed that the loading of porous structures such as MOFs and high-surface-area graphite plates with Pd nanoparticles can have adverse effects on the gas uptake of these structures, which is very important for gas storage and separation, as well as for use in catalytic processes. 34 For example, it has been reported that the loading of a redox-active MOF with Pd nanoparticles resulted in an improvement in the hydrogen storage of the MOF but had the opposite effect on its CO 2 capture. 35 Whereas Pd nanoparticles provide effective sites for improved hydrogen interactions, the presence of other species such as counterions inside the pores of MOFs has been suggested to impede CO 2 uptake. 35, 36 The loading of Pd onto Ce-MOF (5 wt %) was found to lead to a significant improvement in the CO 2 uptake at 273 K, as shown in Figure 6b . Table 1 reports the BET surface area and CO 2 uptake results for Ce-MOF and 5 wt % Pd/Ce-MOF.
Whereas the pristine Ce-MOF had an uptake of only 1.7 mmol g −1 at 1.0 bar, the 5 wt % Pd/Ce-MOF exhibited an improved CO 2 capture capacity that reached 3.5 mmol g −1 under the same conditions. As can be seen in Figure 6b , the fully reversible CO 2 isotherm of Ce-MOF shows a pronounced hysteresis, which is most likely due to the fact that the ultranarrow pores of Ce-MOF have a strong affinity for CO 2 molecules yet only limited adsorption sites because of the low surface area of this MOF. On the other hand, loading of Pd onto Ce-MOF and its subsequent activation increased the surface area from 62 m 2 /g for Ce-MOF to 89 m 2 /g for the 5 wt % Pd/Ce-MOF and presumably provided additional adsorption sites for CO 2 on the surface of the Pd nanoparticles, as evidenced by the improved CO 2 uptake of 5 wt % Pd/Ce-MOF reported in Table 1 and the diminished hysteresis of the CO 2 isotherm of 5 wt % Pd/Ce-MOF shown in Figure 6b .
Despite their low N 2 uptakes at 77 K, Ce-MOF crystals show high CO 2 uptake values at 273 K, which is indicative of their microporosity. 37 The poor N 2 adsorption of the Ce-MOF can be attributed to the low diffusivity and adsorption kinetics of N 2 molecules at 77 K, which is due to the ultranarrow pores of the Ce-MOF. 37, 38 Because of the substantial CO 2 uptake by ultramicroporous materials, the use of CO 2 as a probe for porosity measurements is preferred over the use of N 2 . 37 Accordingly, we calculated the pore size distribution and surface area of the Ce-MOF using CO 2 adsorption isotherms collected at 273 K. As expected, our CO 2 -based porosity measurements indicated a much higher surface area and smaller pores for the Ce-MOF when compared to our N 2 -based porosity measurements, as shown in Table 1 . It should be mentioned that the use of CO 2 isotherms of materials with high binding affinities for CO 2 can lead to the overestimation of surface area values. 39 We also estimated the pore size distribution for 5 wt % Pd/Ce-MOF using nonlocal density functional theory (NLDFT) 39 with both the N 2 (7.3 Å) and CO 2 (5.4 Å) isotherms ( Figure S2 , Supporting Information), and in both cases, the pore size distribution values were in good agreement with reported channel dimensions of the Ce-MOF (6.6 × 6.6 Å). 27 The ability of the Ce-MOF to bind and release CO 2 during catalytic processes is very important to ensure sufficient mass transfer inside the pores. Later in this section, we demonstrate the remarkable activity of the 5 wt % Pd/Ce-MOF in the low-temperature oxidation of CO to CO 2 .
The CO oxidation conversions for different Pd loadings incorporated within the Ce-MOF are shown in Figure 7 . The CO oxidation conversion increased significantly as the Pd content was increased from 3 wt %, at which the 50% and 100% conversions occurred at 180 and 190°C, respectively, to 5 wt %, at which these conversions occur at 77 and 92°C, respectively. However, increasing the Pd loading to 7 wt % resulted in increasing the temperatures of the 50% and 100% conversion to 140 and 148°C, respectively. This is probably due to the aggregation of the Pd nanoparticles on the surface of the Ce-MOF, which could result in a decrease of the surface area of the catalyst. It should also be noted that the Ce-MOF with no loading of Pd nanoparticles shows no activity for CO oxidation at temperatures below 200°C. This confirms that the Pd nanoparticles supported on the Ce-MOF play the primary role in the oxidation process. The ability of cerium to store oxygen appears to enhance the oxidation process by creating oxygen vacancies, leading to enhanced activity.
We also considered loading the Ce-MOF with other metal nanoparticle catalysts such as Au and Pt using the same MWIassisted chemical reduction procedure as used for the preparation of the Pd/Ce-MOF catalyst. Comparison of the oxidations of CO conducted on Ce-MOFs with 5 wt % loadings of Pd, Au, and Pt nanoparticles ( Figure S3 , Supporting Information) indicates that the 5 wt % Pd/Ce-MOF catalyst had the highest activity for CO oxidation. This could be due to the larger particle size and significant degrees of agglomeration of the Au and Pt catalysts prepared by the MWI method. The optimization of the synthesis procedures and loadings for the Au/Ce-MOF and Pt/Ce-MOF catalysts to obtain welldispersed small-nanoparticle catalysts for CO oxidation will be published elsewhere. 40 Another attractive feature of the current Pd/Ce-MOF catalyst includes the long-term activity and stability of the catalyst, as no reduction in activity was observed after several repeated catalytic reaction cycles. Figure S4 (Supporting Information) shows no decrease in the 100% CO conversion provided by the 5 wt % Pd/Ce-MOF at 90°C over a period of 8 h.
Comparison of the CO oxidation activity of the 5 wt % Pd/ Ce-MOF with those of other nanoparticle catalysts supported on MOFs demonstrates the remarkable activity of the Pd/Ce-MOF supported catalyst. For example, a 5 wt % Au nanoparticle catalyst (4.2 nm) supported on ZIF-8 showed 50% CO conversion at 170°C in comparison with 77°C for the current 5 wt % Pd/Ce-MOF. 3 This significant difference in reactivity is even more remarkable when comparing the large surface area of ZIF-8 (1413 m 2 /g) 3 to the much smaller value of 62 m 2 /g for the current Ce-MOF support. This comparison clearly indicates that the enhanced activity of the Pd/Ce-MOF catalyst is due to the catalyst−support interaction of the Pd nanoparticles with the Ce centers of the support. Another piece of evidence for the specific role of the Pd−Ce interaction in enhancing the catalytic activity of the Pd/Ce-MOF catalyst comes from comparing the activity of the 1 wt % Pd catalyst supported on the MOF compound Cu 3 (BTC) 2 with that of the current 5 wt % Pd/Ce-MOF catalyst. 19 The temperature for 100% CO conversion for the 1 wt % Pd/Cu 3 (BTC) 2 catalyst is 205°C, compared to 190 and 92°C for the 3 wt % Pd/Ce-MOF and 5 wt % Pd/Ce-MOF, respectively, reported in this work. It should be noted that BTC is the same linker as used in the assembly of the Ce-MOF in this work, and therefore, the enhanced activity of the Pd-supported Ce-MOF appears to be more related to the Pd−Ce interaction than to the Pd−BTC interaction. This conclusion is also supported by the reactivity of a different metal catalyst such as the 5% Ag/Cu 3 (BTC) 2 catalyst, which showed 100% CO conversion at 122°C as compared to 92°C for the 5 wt % Pd/Ce-MOF catalyst. The catalyst Co/MOF-74 showed catalytic activity with 50% CO conversion at 84°C and 87% conversion at 130°C. 41 However, this catalyst was unstable, and the framework collapsed after being heated above 150°C in air and eventually transformed into Co 3 O 4 at 230°C. 41 Table 2 summarizes the catalytic activities for CO oxidation of several MOF-supported catalysts. These data clearly demonstrate that the Pd/Ce-MOF catalyst prepared in this work exhibits a unique activity for CO oxidation in comparison with different types of MOF-based catalysts. This unique activity is attributed to the synergy between the Pd nano- particles and the Ce sites in the Ce-MOF, which leads to an enhanced activity for CO oxidation. This conclusion is consistent with the improved catalytic activity for CO oxidation
. 42 However, the relatively higher activity of that catalyst (complete conversion of CO at 150°C) was attributed to the formation of CuO−CeO 2 catalysts, which are known to exhibit good activity for CO oxidation. 43, 44 In the present Pd/Ce-MOF system, there is no evidence for the formation of CeO 2 , as the XRD pattern of the spent catalyst showed that the crystalline structures of Ce-MOF was maintained after several repeated cycles of CO oxidation. Therefore, the high activity of the Pd/Ce-MOF catalyst is most likely due to the interaction of the Pd nanoparticles and the Ce sites within Ce-MOF. One possible explanation for this activity could be due to electron transfer from the Pd nanoparticles to the Ce 4+ cations, leading to the formation of Ce
3+
, and subsequent electron transfer from Ce 3+ to the adsorbed O 2 at the Pd/Ce-MOF interface, thus promoting the formation of active oxygen species for CO oxidation. A similar mechanism was suggested to explain the high activity of Pd/CeO 2 catalysts for low-temperature CO oxidation. 45 
■ CONCLUSIONS
In conclusion, we have developed a facile, general, and effective approach based on microwave irradiation for the incorporation of Pd nanoparticle catalyst within Ce-MOF. The resulting Pd/ Ce-MOF is a unique catalyst that is capable of both CO oxidation at modest temperatures (370 K) and efficient uptake of the product CO 2 gas at low temperatures (273 K). The observed catalytic activity toward CO oxidation is significantly higher than those of other reported metal nanoparticles supported on metal−organic frameworks. The high activity of the Pd/Ce-MOF catalyst is attributed to the presence of Ce(III) and Ce(IV) ions within the metal−organic framework support. Pd nanoparticles supported on the Ce-MOF store oxygen in the form of a thin palladium oxide layer at the particle−support interface, in addition to the oxygen stored on the Ce(III)/Ce(IV) centers. Oxygen from these reservoirs can be released during CO oxidation at 373 K. At lower temperatures (273 K), the Pd/Ce-MOF has a significant CO 2 uptake of 3.5 mmol/g. An application for the Pd/Ce-MOF material could be suggested in two separate CO conversion and CO 2 storage devices operating at 370 and 273 K, respectively.
■ EXPERIMENTAL SECTION
Starting Materials. Dimethylformamide (DMF) and ethanol were purchased from Alfa Aesar. Cerium(III) nitrate hexahydrate, trimesic acid (H 3 BTC), palladium(II) nitrate, and hydrazine hydrate were obtained from Sigma-Aldrich. All chemicals were used without further purification.
Synthesis of the Supported Catalysts. Synthesis of Ce-MOF was based on the following procedure: 27 First, 4.04 g of cerium(III) nitrate hexahydrate (10.0 mmol) and 1.40 g of trimesic acid (6.67 mmol) were sealed into a 100 mL Teflon-lined hydrothermal synthesis autoclave and heated to 100°C for 24 h with 60 mL of DMF. The resulting white crystalline powder was extracted and washed twice with hot ethanol to remove unreacted reactants and excess DMF and then dried in a vacuum oven at 100°C for 24 h. After recrystallization, palladium nitrate was loaded into 100 mg of the Ce-MOF in 40 mL of deionized water and stirred for 1 h. The palladium ions were reduced using hydrazine hydrate (80 μL) under MWI using a 700 W microwave oven for 90 s (in 10-s intervals). The supported catalyst was washed twice with 40 mL of ethanol and then dried in a vacuum oven at 100°C for 24 h.
Characterization of the Catalysts. The crystallinity of the catalysts was characterized by powder X-ray diffraction (XRD) using an X'Pert Philips materials research diffractometer. The patterns were obtained using copper radiation (Cu Kα, λ = 1.5405 Å) with a second monochromator at 45 kV and 40 mA at a scanning speed of 2°(2θ)/ min. FTIR spectra of calcined samples were obtained using a NicoletNexus 670 FTIR spectrophotometer (4 cm −1 resolution and 32 scans) in dried KBr (Sigma) pellets over a measuring range of 400−4000 cm −1 . Raman spectra were obtained using the Thermo Scientific DXR SmartRaman instrument with a 532-nm excitation wavelength. Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-1230 microscope operated at 120 kV. For TEM images, the sample powder was dispersed in methanol using ultrasonic radiation for 10 min, and a drop of the suspension was placed onto a carbon-coated grid for TEM imaging. Gas sorption experiments were performed using a Quantachrome Autosorb iQ volumetric analyzer with adsorbates of ultrahigh-purity (UHP) grade. In a typical experiment, a sample of polymer (∼50 mg) was loaded into a 9-mm large bulb cell (Quantachrome) of known weight that was then connected to a gas analyzer and degassed at 150°C and 1.0 × 10 −5 bar for 10 h. The degassed sample was refilled, weighed precisely, and then transferred back to the analyzer. The temperatures for adsorption measurements were controlled using a refrigerated bath of liquid nitrogen (77 K) for N 2 and a temperature-controlled water bath (273 K) for CO 2 . The surface electronic states were investigated by X-ray photoelectron spectroscopy (XPS; Thermo VG ESCALAB250 using Al Kα radiation). The XPS data were internally calibrated, fixing the binding energy of C 1s at 284.6 eV. Thermogravimetric analysis was carried out on a TGA Q5000 apparatus from TA Instruments.
CO Catalytic Oxidation. For oxidation experiments, the catalyst (25 mg) was placed inside a Thermolyne 2100 programmable tube furnace reactor ( Figure S5, Supporting Information) . 24−26 The sample temperature was measured with a thermocouple placed near the sample. In a typical experiment, a gas mixture consisting of 4 wt % CO and 20 wt % O 2 in helium was passed over the sample as the temperature was ramped. The gas mixture was set to flow over the sample at a rate of 100 cm 3 /min controlled by MKS digital flow meters. The conversion of CO to CO 2 was monitored using an infrared gas analyzer (ACS, Automated Custom Systems Inc.). All catalytic activities were measured after heat treatment of the catalyst at 110°C in the reactant gas mixture for 15 min to remove moisture and adsorbed impurities.
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